In light of suggestions that the Cascadia subduction margin may pose a significant seismic hazard for the highly populated Pacific Northwest region of the United States, the U.S. Geological Survey (USGS), the Research Center for Marine Geosciences (GEOMAR), and university collaborators collected and interpreted a 530-km-long wide-angle onshore-offshore seismic transect across the subduction zone and volcanic arc to study the major structures that contribute to seismogenic deformation. We observed (1) 
INTRODUCTION
The Juan de Fuca plate subducts beneath North America at a rate of ~40 mm/yr directed N68°E (e.g., DeMets et al., 1990) . This oblique subduction has created a complex, geologically diverse, and potentially hazardous region, the Cascadia subduction zone and volcanic arc. No great Cascadia subduction zone earthquakes have been recorded in written history, and much of the region is relatively quiet seismically (e.g., Dewey et al., 1989) . However, global comparisons indicate that the Cascadia subduction zone has many characteristics in common with those that produce great interplate earthquakes (e.g., Heaton and Kanamori, 1984; Heaton and Hartzell, 1987) .
Recent studies of the Holocene geologic record have shown consistent indications that great subduction-zone and/or large upper-plate earthquakes have affected the Washington coastal margin. Interpretation of geologic evidence (subsidence, tsunami deposits) along the coast has suggested that great earthquakes (M ≥8) have occurred in the Cascadia subduction zone on a recurrence interval of hundreds of years (e.g., Atwater, 1996) . Turbidite sequences cored off the Washington-Oregon margin revealed as many as 13 events that may have resulted from great earthquakes in the Cascadia subduction zone between ~7500 and 300 yr ago (Adams, 1990; Nelson et al., 1996) . Eight buried shorelines were identified near Willapa Bay, Washington, that are thought to have resulted from instantaneous submersion during great subduction zone earthquakes between 5800 and 300 yr ago (Meyers et al., 1996) . Satake et al. (1996) limited the ~300 yr old Cascadia event to January 1700, on the basis of tsunami records in Japan. Geodetic surveys have shown that the Washington coastal region is actively rising relative to sea level and accumulating strain (e.g., Adams, 1984 , Savage et al., 1991 , an indication that the subduction zone is locked offshore. Although the uplift of the Coast Ranges results in part from the variably buoyant subducting Juan de Fuca plate, some of the uplift appears to be caused by interseismic strain accumulation (Kelsey et al., 1994) , supporting the suggestion that the subduction zone is locked offshore.
While the threat of dangerous earthquakes may loom over the Pacific Northwest, very little is known about the deep geologic structure beneath the continental margin where the Juan de Fuca slab is most likely to be locked and accumulating seismic stress (e.g., Heaton and Hartzell, 1987; Savage et al., 1991; Hyndman and Wang, 1993) . To provide a model for lithospheric structure of the Cascadia subduction zone, the U.S. Geological Survey (USGS) in cooperation with collaborators from the Research Center for Marine Geosciences (GEOMAR), Oregon State University, and the University of Texas at El Paso, acquired wide-angle seismic data in southern Washington (Fig. 1) . The model resulting from these data (Fig. 2) provides an interpretation of the structure in the offshore, potentially locked part of the subduction zone where few earthquakes occur, as well as an image of the crust and upper mantle of western continental Washington.
NEW SEISMIC IMAGE OF THE CASCADIA SUBDUCTION ZONE AND ARC
In 1995, wide-angle seismic data were collected on land along an east trending profile (~1500 instruments at 200 m spacing) by recording 17 large explosive sources. In 1996, the German research vessel Sonne conducted an extensive investigation of the offshore Oregon and Washington margins in a joint GEOMAR-USGS effort (Flueh et al., 1997) . About 2000 offshore air-gun sources (~25 m spacing) were recorded on 35 instruments located on the sea floor and on land (~5 km spacing) along an extension of the 1995 profile. Traveltimes from refracted arrivals (crustal and upper mantle; Pg and Pn) were merged and inverted for velocity structure, and wide-angle reflected arrivals (base of oceanic and continental crust; PmP) were forward modeled following the methods outlined by Hole and Zelt (1995) and Parsons et al. (1996) . The resulting velocity-structure model is shown in Figure 2 . The root-mean-squared traveltime misfits for refracted arrivals were less than 0.1s, whereas misfits for all reflected arrivals were less than ±0.15s. The velocity model was used as input for a Bouguer gravity model, 
and primary model features fit well with the observed gravity data. Data plots with phase interpretations are archived. 1
Juan de Fuca Slab
The descending Juan de Fuca slab was imaged by refractions and reflections from offshore air-gun blasts and reversing reflections recorded from chemical explosions on land. Seismic data coverage extends about 200 km offshore (Fig. 2) . Normal-thickness (6 km) subducting oceanic crust encounters the deformation front at about km 60, where its dip increases from 0°-2°to 3°-5°. Coincident multichannel reflection data show a series of landward-verging thrusts and fluid-diapirs beginning at this point, implying low coupling stress along the interplate contact (Flueh et al., 1997) . About 35 km offshore, the Juan de Fuca slab steepens from a 5°-7°dip to a 12°dip, as determined from overlapping and reversed wideangle reflections from the base of oceanic crust recorded from land and marine sources (Fig. 2) . Our observed 12°dip, slightly steeper than the 9°d ip of Taber and Lewis (1986) , persists to at least 50 km depth, 75 km east of the coastline (Fig. 2) . Slab earthquakes are located exclusively in the mantle part of the slab, counter to the global observations for young, warm slabs of Kirby et al. (1996) . Continuing the slab downward along a 12°dip places it at rather shallow depths (60-70 km) beneath the Cascade arc volcanoes. Either the slab dip steepens eastward of where it reaches the 50 km depth at which we last measure it, or it is young and warm enough to produce arc volcanism at 60-70 km depths. Seismicity appears to coincide with the Moho boundary in Fig. 2b , but this location is a result of our choice of events to plot; we restricted events to M ≥4.0 above 25 km depth, but allowed all events M ≥1.0 beneath 25 km depth to enable the best combination of highlighting zones of seismicity without obscuring the model with too many events. Smaller earthquakes are actually quite widely distributed throughout the continental crust (e.g., Stanley et al., 1996) .
Accretionary Complex and Siletz Terrane
At the edge of the continental shelf (km 120), the thickness of accumulated sediment scraped from the descending plate reaches 7 km. A 3-kmthick, low-velocity (2.0-3.0 km/s) sequence fills a basin just inboard (east) of the continental slope edge. A basement high intervenes between this and a second, deeper (5 km of sub-3.0-km/s sedimentary rocks) basin at about km 170. This part of the shelf and upper slope is undergoing extension and collapse as shown by widespread normal faulting (McNeill et al., 1997) .
Near the coastline lies the surface contact between accretionary rocks and the Siletz terrane, a late Paleocene-early Eocene age accreted oceanic block that forms the basement to much of the Cascadia forearc. Snavely and Wagner (1982) map this contact from well and seismic reflection data as an east-dipping thrust that partially cuts a thin Quaternary unit about 1 km offshore near Greys Harbor (~20 km north of our transect). The Siletz terrane is associated with a strong aeromagnetic signal along our profile where it outcrops; this signal tapers off abruptly at the coastline ( Fig. 2A) .
Projecting the Siletz-accretionary boundary to depth based on the velocity model is problematic; outcrops of the Siletz terrane (Walsh et al., 1987) (Fig. 1) correspond with the 5.0 km/s contour in our model where it approaches the surface, and independent laboratory velocity measurements from the Siletz terrane taken from samples along the seismic profile show P-wave velocities between 4.5 and 5.2 km/s for near-surface pressures. However, similar velocities would be expected for metamorphosed sedimentary rocks of the accretionary complex. High-velocity rocks (6.5-7.7 km/s) are imaged in the lower continental crust beneath the surface outcrops of the Siletz volcanics in the Coast Ranges (km 190-230) and extend to the top of the descending slab, persisting to ~20 km offshore. If these high-velocity rocks are interpreted as Siletz terrane, then the total thickness offshore is 20 km, and the Siletz-accretionary boundary dips west from the coastline (Fig. 2B) . If instead the high-velocity lower crustal rocks offshore are more recently accreted oceanic crust, then the Siletz-accretionary boundary may dip east (e.g., Snavely and Wagner, 1982) . There is a lateral velocity change at km 240 in the model evidenced by a sudden shallowing of turning rays (Pg) (Fig. 2C) , where higher-velocity rocks (>6.5 km/s) are found at shallower depth (10-11 km as compared with 17-18 km to the west). This shallowing of higher-velocity rocks to the east might result from an east-dipping Siletz boundary (Fig. 2) . The maximum thickness of the Siletz volcanics beneath the Coast Ranges could reach 35 km if they extend to the base of the crust (Fig. 2B) .
Cascadia Volcanic Arc and Back Arc Crust
The velocity model shown in Figure 2 provides a cross section through the Cascade Range and transition from the primarily collisional forearc to the extensional back arc. We observe a significant lateral change in uppercrustal velocity across the Mount St. Helens seismic zone (km 340); the 6.5 km/s contour is deeper on the east side of the seismic zone, whereas the 6.0 km/s contour is shallower (Fig. 2B) . We interpret this boundary as the eastern extent of the Siletz terrane and transition into Cascade arc crust, and we interpret the 6.0-6.5 km/s zone beneath the volcanic arc as silicic intrusive rocks on the basis of laboratory velocity measurements made on plutonic inclusions taken from the Mount St. Helens lava dome (Paine, 1982) . This seismically determined position for the eastern extent of the Siletz terrane and transition into the Cascade arc is in reasonable agreement with the boundary modeled from gravity data (Finn, 1990) . East of the Cascade Range, the combined thickness of Columbia River Basalt flows and subbasalt sedimentary units ranges from 6 to 8 km, in reasonable agreement with the more detailed studies of Saltus (1993) and Jarchow et al. (1994) .
In the region east of about km 220, turning rays extend only to about 10-12 km depth. Thus crustal velocity beneath that depth was not directly measured by refracted waves but was instead modeled from arrivals reflected off the Moho (PmP). East of km 220, turning rays were refracted at about 10-16 km depth along a horizon that represents rocks having ≥6.5 km/s velocities; beneath the 6.5 km/s contour, we show a velocity gradient from 6.5 km/s to 7.0 km/s, and a crust-mantle transition from 7.5 to 7.7 km/s (Fig. 2B) . We tested a number of crustal velocity gradients ranging from a uniform 6.5 km/s crust to a 6.5-7.5 km/s gradient, but did not introduce lowvelocity zones. We found that the 6.5-7.0 km/s gradient produced the smallest travel time residuals for continental PmP reflections (traveltime misfit to within ±0.15 6s). The crust-mantle transition zone was required to fit reflection traveltimes from the descending slab beneath the crust and is consistent with low observed amplitudes of the continental PmP and Pn phases. The model shown in Figure 2 assumes no lateral lower crustal velocity contrasts, thus changes in crustal thickness could also be modeled by lateral velocity changes. Our attempts to model a flat Moho by inserting lateral velocity contrasts led to arbitrary and in some cases impossible crustal velocities.
Continental crustal thickness increases from ~20 km at the coastline to ~30 km beneath the Coast Ranges and Chehalis basin. The crust is thickest (40-45 km) beneath the Cascade Range where there is a broad root. The crust thins to about 30-38 km beneath the Columbia Plateau, slightly thinner than in the model of Catchings and Mooney (1988) . A weak, but measurable Pn phase was observed from three explosive sources and shows upper-mantle velocities of about 7.8 km/s at the base of the crust-mantle gradient zone (Fig. 2) . Upper mantle velocities were measured at 7.8-7.9 km/s beneath the oceanic crust offshore.
IMPLICATIONS FOR EARTHQUAKE HAZARDS
The image of the subduction process emerging from our model is one of a young (~10 m.y. old) and buoyant (e.g., Heaton and Hartzell, 1987) , shallow-dipping (12°) Juan de Fuca plate that appears to bend as a result of overriding contact with rocks accreted to the North American plate. This observed subduction geometry concentrates the potential locked interplate 1 GSA Data Repository item 9822, onshore-offshore wide-angle seismic sections, gravity model, and methodology, is available on request from Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301. E-mail: editing@geosociety.org.
contact offshore; the shallow dip broadens the zone out to the deformation front (~120 km offshore), and the steeper part of the slab encounters 350°C temperatures at about 25-30 km depth (350°C is thought to be the temperature where stable sliding begins; Hyndman and Wang, [1993] ) near the coastline (Fig. 2B) . A similar seismogenic depth limit was observed beneath Mexico, where the comparably young Cocos plate subducts (Tichelaar and Ruff, 1993) . The interplate contact above the approximate depth of the 350°C contour is devoid of even very small earthquakes (Fig. 2B) . The low coupling stress along the interplate contact-as inferred from the presence of landward-dipping thrusts, high pore-fluid pressures (Flueh et al., 1997) , and low frictional heating-implies that on the time scale of the seismic cycle, earthquakes are likely to be associated with a complete stress drop (Wang et al., 1995) .
In the upper plate, the strong, mafic Siletz terrane rocks apparently play an important role in delimiting earthquakes along their eastern boundary. The correspondence between the eastern edge of the Siletz block and the onset of seismicity in the Mount St. Helens zone (Fig. 2B ) may result from clockwise rotation (determined from paleomagnetics) of the coherent Siletz block that concentrates seismicity at its edges and limits internal seismogenic deformation (e.g., Wells, 1990; England and Wells, 1991; Trehu et al., 1994; Stanley et al., 1996) . At present, the western edge of the Siletz terrane is not a focus of seismic activity. Based on the apparent influence of this boundary on accretionary complex deformation offshore of Oregon, where the western edge is overlain by short wavelength folds and faults (e.g., Trehu et al., 1995) , we suspect that an analysis of sedimentary structures in this region would reveal similar effects; however, the details of this process likely depend strongly on the dip of Siletz terrane and on the nature of the high velocity material at depth beneath the shelf (Byrne et al., 1993 
